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I .  INTRODUCTION 
A.  Theory  
A s t r ik ing  charac ter is t ic  o f  the  very  heavy nuc le i  (Z  s  90)  i s  
the i r  ab i l i t y  to  undergo f i ss ion whenever  they  are  exc i ted  w i th  
su f f i c ien t  energy  to  overcome a  f i ss ion energy  bar r ie r .  The mechan ism 
by  which f i ss ion occurs  a t  d i f fe rent  exc i ta t ion  energ ies  i s  in  many 
ways very  s imi la r .  F i rs t ,  the  s tab ly  deformed ta rget  nuc leus is  exc i ted  
by  a  nuc lear  reac t ion  to  an exc i ta t ion  energy  E,  fo rming a  compound 
nuc leus.  Th is  i s  a  complex  s ta te  in  which the  exc i ta t ion  energy  is  
d is t r ibu ted among a l l  the  degrees o f  f reedom o f  the  nuc leus,  inc lud ing 
the sur face deformat ion .  As the  process moves towards f i ss ion ,  an 
increas ing amount  o f  the  energy  becomes po tent ia l  energy  o f  deformat ion  
and the  nuc leus enters  what  i s  ca l led  the t rans i t ion  s ta te .  At  some 
f in i te  d is tor t ion  o f  the  t rans i t ion  s ta te  nuc leus,  known as  the  sadd le-
po in t  deformat ion ,  the  increase in  energy  due to  nuc lear  fo rces  (sur face 
tens ion)  i s  equa l  to  the decrease in  the Coulomb energy .  I f  the nuc leus 
i s  s l igh t ly  e longated beyond the  sadd le  shape,  the  Coulomb fo rces dr ive  
the nuc leus to  f i ss ion.  However ,  i f  the deformat ion  is  s l igh t ly  
reduced,  the  sur face forces predominate  and the  nuc leus rever ts  back 
to  i ts  or ig ina l  shape.  
The lowest  energy  requ i red to  reach the sadd le-po in t  deformat ion  
is  def ined as the  f i ss ion bar r ie r .  Bohr  suggested in  I955 tha t  a  
nuc leus possess ing th is  energy  is  in  an a lmost  "co ld"  s ta te  o f  in terna l  
exc i ta t ion  s ince the energy  i s  expended as  deformat ion  energy  (1 ) .  
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He proposed tha t  the  low- ly ing  leve ls  a t  the  sadd le  po in t  ought  to  
resemble  the  spect ra  near  the  ground s ta tes  o f  s tab ly  deformed nuc le i .  
Th is  i s  shown in  F ig .  1 fo r  an even-even nuc leus.  The low- ly ing  s ta tes  
o f  an even-even t rans i t ion  s ta te  nuc leus are  pred ic ted to  be co l lec t ive  
leve ls ,  s ince in t r ins ic  s ta tes  are  not  expected un t i l  su f f i c ien t  energy  
i s  ava i lab le  fo r  break ing a  nuc léon pa i r  (about  1 .2  MeV) .  Bohr  a lso  
postu la ted tha t  the  lowest  group o f  leve ls  shou ld  be ro ta t iona l  leve ls  
bu i l t  on  the  1^  =  0+ ,  K =  0  leve l ,  where  I  i s  the  angu la r  momentum,  r r  
i s  the  par i ty ,  and K i s  the  pro jec t ion  o f  the  angu lar  momentum onto  the  
nuc lear  symmetry  ax is .  The energ ies  o f  the  ro ta t iona l  s ta tes  re la t ive  
to  the "ground s ta te"  are  g iven by  
E  =  ^  ^  1 ( 1 + 1 )  
where I  is the moment  o f  iner t ia  o f  the  sys tem about  an ax is  perpen­
d icu lar  to  the symmetry  ax is .  S ince a t  the  sadd le  po in t  the  nuc leus 
is  much more deformed,  X w i l l  be much la rger  than fo r  the  s tab ly  
2 deformed nuc leus,  f i  /2 I  has been ca lcu la ted f rom l iqu id  drop theory  
O "3 O 
(2 )  to  be about  2  keV fo r  U a t  the  sadd le  po in t ,  whereas i t  has a  
va lue o f  about  7  keV fo r  the  compound nuc leus.  Thus,  the  low- ly ing  
ro ta t iona l  leve ls  in  the t rans i t ion  s ta te  nuc leus are  pred ic ted to  be 
more c lose ly  spaced than in  the compound nuc leus.  
We shou ld  ment ion  a t  th is  po in t  tha t  a l though the constancy o f  I  
and M (p ro jec t ion  o f  !  on a  space f i xed Z ax is )  i s  guaranteed by  the  
law o f  conservat ion  o f  angu lar  momentum,  there  is  no such res t r ic t ion  
on K.  In  go ing f rom the or ig ina l  compound nuc leus to  the t rans i t ion  
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Fig .  1 .  Bohr 's  " f i ss ion channe ls"  fo r  the  t rans i t ion  s ta te  o f  
an even-even nuc leus 
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sta te ,  the  nuc leus su f fe rs  many changes in  shape and red is t r ibu tes  i t s  
energy  and angu lar  momentum in  many ways.  The K-va lues o f  the  t rans i t ion  
s ta te  nuc leus are  there fore  unre la ted to  the in i t ia l  K-va lues.  The 
t rans i t ion  s ta te  then cor responds to  a  co l lec t ion  o f  channe ls ,  each 
hav ing i t s  own K-va lue,  wh ich  are  access ib le  f rom a g iven s ta te  o f  the  
compound nuc leus spec i f ied  by  E,  I ,  M,  and par i ty .  Once a t  or  past  the  
sadd le  po in t  the  nuc leus has a  h igh ly  deformed shape wh ich i s  cons idered 
to  be ax ia l ly  symmetr ic  in  the sense tha t  K remains  a  good quantum 
number .  The assumpt ion tha t  K i s  conserved upon ent ry  in to  a f i ss ion 
channe l  i s  suppor ted by  angu lar  d is t r ibu t ion  measurements .  
I t  is  usefu l  to  examine the  pred ic t ions  o f  what  o ther  bands o f  
leve ls  shou ld  be present  in  the t rans i t ion  s ta te .  Above the  ro ta t iona l  
band a  sequence o f  co l lec t ive  v ibra t ions  is  expected.  A K =  0 ,  1^  =  1 ^ 
3 ,5 , . . .  band is  expected and a t t r ibu ted to  a pear -shaped v ib ra t ion  
in  which mater ia l  s loshes back and fo r th  f rom one end o f  the  deformed 
nuc leus to  the o ther .  A lso  expected are  low- ly ing  leve ls  bu i l t  on a  
bend ing v ib ra t ion  l i ke  the bend ing v ib ra t ion  o f  a  l inear  molecu le .  The 
bend ing v ib ra t iona l  channe l  w i l l  coup le  w i th  the co l lec t ive  ro ta t ion  
to  g ive  a  band o f  s ta tes  w i th  K =  1 and I ^  = 1" ,  2" ,  3" ,  4" ,  .  .  .  
The energy  spect ra  o f  normal  even-even heavy nuc le i  conta in  a  
leve l  des ignated as  "y -v ib ra t iona1"  which invo lves  a  per iod ic  co l lec t ive  
deformat ion  about  ax ia l  symmetry .  Co l lec t ive  ro ta t ions  can be super ­
imposed on the  y -v ib ra t ion  g iv ing  a  band w i th  K =  2 and I ^  =  2^ ,  3^ ,  
4^ ,  .  .  .  The band bu i l t  on the  ^ -v ib ra t iona l  leve l ,  wh ich  i s  we l l  
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known fo r  normal  heavy even-even nuc le i ,  shou ld  not  have a  counterpar t  
in  the t rans i t ion  s ta te  s ince i t  cor responds to  co l lec t ive  mot ion  a long 
the ax is  o f  symmetry .  Th is  i s  the  pr inc ipa l  fea ture  o f  the  ac t  o f  
f i ss ion .  One cou ld  a lso  cons ider  the  mul t iphonon s ta tes  o f  these 
var ious  modes wh ich  would  produce bands a t  h igher  energ ies .  
The low- ly ing  leve ls  in  the t rans i t ion  s ta te  fo r  an odd A nuc leus 
w i l l  be very  d i f fe rent  f rom those in  an even-even nuc leus.  In  an odd A 
nuc leus the lowest  t rans i t ion  s ta tes  are  s ta tes  o f  in t r ins ic  exc i ta t ion  
o f  a  s ing le  nuc léon,  and the i r  assoc ia ted ro ta t iona l  bands w i th  I  =  K,  
K +  I ,  K +  2 ,  .  .  .  and both  par i t ies .  These bands o f  in t r ins ic  
exc i ta t ions  shou ld  be c lose ly  spaced (approx imate ly  every  250 keV) .  
Thus Bohr 's  f i ss ion  channe l  theory  can be summar ized as  fo l lows.  
The compound nuc leus s ta te  has two constants  o f  mot ion ,  to ta l  angu lar  
momentum I  and par i ty .  As the  deformat ion  o f  the  nuc leus in  th is  s ta te  
increases,  the  nuc leus makes t rans i t ions  f rom one energy  sur face to  
another  un t i l  i t  reaches the  sadd le  po in t .  By th is  t ime a  la rge par t  
o f  the  energy  o f  the  sys tem has been absorbed in  deformat ion  and,  fo r  
low exc i ta t ion  energ ies ,  the  nuc leus i s  "co ld" .  I t  can be regarded as  
be ing in  one o f  a  few ava i lab le  t rans i t ion  s ta tes  which have the  same 
to ta l  angu lar  momentum and par i ty  as  the  compound-nuc leus s ta te .  The 
ava i lab le  t rans i t ion  s ta tes  in  low energy  f i ss ion are  a lso  l im i ted by  
the  ava i lab le  energy .  
In  the las t  few years  there  have been many a t tempts  to  ca lcu la te  
the potent ia l  energy  sur face o f  the  nuc leus as  a  func t ion  o f  deformat ion .  
S t ru t insky  has in t roduced a  model  where  he incorpora tes  she l l  e f fec ts  
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in to  the wel l -known l iqu id  drop model  (3 ,  4 ) .  In  th is ,  the  she l l -
cor rec t ion  term,  as  a  func t ion  o f  deformat ion ,  i s  ca lcu la ted d i rec t ly  
f rom summed N i lsson s ing le-par t ic le  energ ies  o f  the  deformed she l l -
model  po tent ia l .  S t ru t insky  f inds  that  the  min ima in  the she l l -
cor rec t ion  term occur  a t  deformat ions  where a  gap i s  le f t  in  the 
s t ruc ture  o f  un f i l led  s ing le  par t ic le  leve ls  immedia te ly  above the  
Fermi  energy .  Ca lcu la t ions  show tha t  many o f  the  ac t in ide  nuc le i  
(89  i  Zi  103) shou ld  have a  second min imum rough ly  in  the reg ion o f  
the  l iqu id  drop sadd le  po in t  w i th  a  depth  o f  about  2  o r  3  MeV.  Th is  
second min imum shou ld  tend to  d isappear  towards the  h igher  end o f  the  
ac t in ide  group o f  nuc le i .  A representa t ion  o f  these ideas i s  presented 
in  F ig .  2 .  
I t  is  in teres t ing  to  cons ider  the  e f fec t  o f  the  two bar r ie rs  on 
Bohr 's  f i ss ion  channe l  model .  I f  the second we l l  i s  deep,  the  nuc leus 
w i l l  s tay  there  fo r  a  cons iderab le  t ime,  there fore  fo rget t ing  the K-va lue 
w i th  which i t  passed over  the  f i rs t  bar r ie r .  I f  the second bar r ie r  is  
about  2  MeV lower  than the  f i rs t ,  there  w i l l  be a  s ta t is t ica l  d is t r i ­
but ion  o f  K-va lues,  because many channe ls  are  open over  the  second 
bar r ie r  even fo r  energ ies  c lose to  the f i rs t  bar r ie r .  Thus,  the  
poss ib le  absence o f  channe l  s t ruc ture  is  a  new fea ture  which is  re la ted 
to  the presence o f  an in termedia te  equ i l ib r ium s ta te  in  f i ss ion.  
The models  p resented above can be invest iga ted in  two ways:  
(1 )  measurement  o f  f i ss ion  cross  sec t ions ,  and (2)  measurement  o f  the  
angu lar  d is t r ibu t ion  o f  the  f i ss ion f ragments .  Accord ing to  the 
f i ss ion channe l  model ,  the  cross  sec t ion ,  when measured as  a  func t ion  
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Fig .  2 .  S t ru : insky 's  doub le-humped potent ia l  
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of  energy ,  shou ld  show de f in i te  s teps  cor respond ing  to  new channe ls  
open ing  as  the  energy  inc reases .  
The angu la r  d is t r ibu t ion  o f  the  f i ss ion  f ragments  i s  de te rmined 
by  the  K-va lue  o f  the  t rans i t ion  s ta te .  A t  very  low exc i ta t ion  
energ ies  ( jus t  above the  bar r ie r )  i t  shou ld  be  poss ib le  to  iden t i f y  
the  K-band by  measur ing  the  angu la r  d is t r ibu t ions .  Accord ing  to  the  
f i ss ion  channe l  mode l ,  any  anomaly  i n  the  angu la r  d is t r ibu t ion  o f  the  
f i ss ion  f ragments  shou ld  co inc ide  w i th  a  max imum in  the  f i ss ion  c ross  
sec t  i  on .  
Th is  w i l l  no t  be  the  case  i f  a  doub le -humped po ten t ia l ,  w i th  the  
f i r s t  bar r ie r  be ing  the  la rger ,  i s  cons idered .  In  th is  case  the  
red is t r ibu t ion  o f  K-va lues  wh ich  takes  p lace  in  the  second we l l  
de te rmines  the  charac te r  o f  the  angu la r  d is t r ibu t ions .  However ,  th is  
shou ld  no t  a f fec t  the  f i ss ion  c ross  sec t ion  s ince  i t  shou ld  s t i l l  
inc rease  in  s teps  assoc ia ted  w i th  the  "en t rance"  channe ls  a t  the  f i r s t  
bar r ie r .  I f  the  second bar r ie r  i s  the  h igher ,  the  f i ss ion  channe l  
p ic tu re  shou ld  s t i l l  be  va l id .  
Thus ,  in fo rmat ion  aoout  the  re la t i ve  he igh ts  o f  the  bar r ie rs ,  the  
dep th  o f  the  second po ten t ia l  we l l ,  and  the  low- ly ing  K-bands  can  be  
ob ta ined  f rom exper imenta l  measurement  o f  f i ss ion  c ross  sec t ions  and 
angu la r  d is t r ibu t ion  o f  f i ss ion  f ragments .  
B .  Purpose 
Bohr  has  po in ted  ou t  tha t  the  case  o f  f i ss ion  fo l low ing  nuc lear  
absorp t ion  o f  e lec t romagnet ic  energy  (pho to f i ss ion)  o f  even-even nuc le i  
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presents  some espec ia l ly  s imple  fea tures  (1)  s ince the compound nuc leus 
is  a lways produced w i th  I  =  1 and M =  ±1 (Z  d i rec t ion  is  taken as  the  
d i rec t ion  o f  the  beam),  assuming e lec t r ic  d ipo le  absorp t ion .  The lowest  
I ^  = 1"  f i ss ion  channe l  a t  the  sadd le  po in t  cor responds to  the K =  0  
s losh ing mode v ib ra t iona l  band as  d iscussed above.  Thus,  fo r  photon 
energ ies  c lose to  the f i ss ion thresho ld ,  the  major i ty  o f  the  nuc le i  
a re  expected to  pass th rough th is  par t icu lar  channe l .  As the  photon 
energy  i s  increased,  o ther  channe ls  o f  the  I ^  =  1"  type become ava i lab le  
and shou ld  be ev ident  in  the cross  sec t ion .  
The purpose  o f  th is  research  was to  measure  the  c ross  sec t ion  near  
th resho ld  fo r  pho to f i ss ion .  An even-even nuc l ide ,  and  an  odd-A 
nuc l ide ,  were  chosen in  o rder  to  check  the  p red ic t ions  o f  the  
mode ls .  The p r imary  h indrance  to  accura te  pho to f i ss ion  c ross  sec t ion  
measurements  has  been the  lack  o f  a  monochromat ic  pho ton  source .  In  
th is  thes is  we w i l l  descr ibe  an  a t tempt  to  des ign  and bu i ld  a  su i tab le  
source  o f  con t inuous ly  var iab le  energy  gamma rays .  The fac i l i t y  i s  
descr ibed  in  de ta i l  i n  Chapter  !1 .  
C.  L i te ra ture  Survey 
The f i rs t  exper imenta l  ev idence o f  the  photo f iss ion process was 
ob ta ined in  19^1 by  Haxby e t  a i .  (5 ) ,  by  bombard ing uran ium and thor ium 
wi th  6 .1  MeV gamma rays  produced by  the react ion  (p ,0( 'y )o '^ .  The 
absence o f  a  w ide range o f  monochromat ic  gamma ray  sources fo rced 
exper imenta l is ts  to  use h igh- in tens i ty  bremsst rah lung beams produced by  
beta t rons,  synchro t rons,  and e lec t ron l inear  acce lera tors .  Severa l  
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invest iga tors  (6-9)  made use o f  bremsst rah lung beams to  obta in  the  
shape o f  the  photo f iss ion cross  sec t ion  curves near  th resho ld  p r io r  
to  i960.  In  such measurements  the  c ross  sec t ion  curves were obta ined 
f rom the y ie ld  curves by  the  "photon d i f fe rence"  method,  descr ibed 
by  Penfo ld  and Le iss  (10) .  Unfor tunate ly ,  la rge er rors  are  inherent  
in  cross  sec t ions  ex t rac ted by  th is  d i f fe rent ia l  ana lys is .  In  
par t icu lar ,  the  measurement  o f  photo f iss ion cross  sec t ions  a t  low 
exc i ta t ion  energ ies  requ i res  the  use o f  a  th ick- target  bremsst rah lung 
spect rum,  the  exact  shape o f  wh ich  i s  unknown.  
The above measurements  gave some ev idence o f  a  loca l  max imum in  
the cross  sec t ion  curves a t  about  6  MeV fo r  the  even-even nuc l ides  
Th and U ^  ^ bu t  no cor respond ing bump was found fo r  the  odd-A 
nuc l ide  1^35 There  was some quest ion  as  to  whether  the  bump resu l ted  
f rom er rors  and uncer ta in t ies  in  der iv ing  cross  sec t ions  by  the photon 
d i f fe rence method.  For  example ,  Katz  e t  a l .  (9)  showed tha t  by  con­
s t ruc t ing  a number  o f  d i f fe rent ly  smoothed y ie ld  curves cons is tent  w i th  
the exper imenta l  da ta  and then ex t rac t ing  cross  sect ion  curves f rom 
them,  the  presence o f  the  bump depended on the  type o f  smooth ing.  
S t rong ev idence fo r  the  ex is tence fo r  th is  bump in  some nuc l ides  
comes f rom the work  o f  C larke e t  a l .  ( I l ,  12) .  By us ing the mono-
energet ic  gamma rays  o f  energy  6 .14,  6 .91,  and 7 .11 MeV produced by  
the  react ion  (Ps<vy)o '^ ,  they  obta ined a  h igher  photo f iss ion cross  
sec t ion  a t  6 .14 MeV than a t  7 .0  MeV fo r  and near ly  equa l  c ross  
s e c t i o n s  a t  these energ ies  f o r  and Th^^^ .  
Rea l iz ing  the la rge er rors  invo lved in  the  bremsst rah lung- induced 
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photo f iss ion cross  sec t ion  curves,  De Carva lho and co-workers  (13-16)  
have worked out  a  techn ique fo r  measur ing  c ross  sec t ions  and f ragment  
angu lar  d is t r ibu t ions  us ing monochromat ic  neut ron-capture  gamma rays .  
Nuc lear  emuls ions loaded w i th  e i ther  or  Th^^^  were exposed to  
charac ter is t ic  neut ron-capture  gamma rays  f rom su i tab le  sources p laced 
in  a  reactor .  Th is  method has the  d isadvantage tha t  i t  a l lows 
observat ion  o f  photo f iss ion a t  on ly  a  few d iscre te  gamma ray  energ ies .  
S ince the energy  spread o f  the  inc ident  gamma rays  is  very  nar row 
(«8 eV) ,  the  exact  s t ruc ture  o f  the  cross  sec t ion  curves cannot  be 
obta  i  ned.  
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I I .  GAMMA RAY SOURCE 
A .  In t roduct ion  
Dur ing the  past  two decades ex tens ive  research has been conducted 
in  an a t tempt  to  obta in  bet ter  sources o f  gamma rays  fo r  photonuc lear  
research.  An idea l  gamma ray  source would  be one produc ing a  
monochromat ic  beam o f  cont inuous ly  var iab le  energy .  Gamma ray  sources 
fo r  photonuc lear  research w i l l  be d iscussed in  the fo l lowing sect ions .  
I .  Discre te  energy  sources 
The f i rs t  sources to  be used fo r  photonuc lear  exper iments  were 
rad ioact ive  iso topes which decay by  gamma ray  emiss ion.  In  the ear ly  
1950 's ,  these were used ex tens ive ly  in  nuc lear  resonance f luorescence 
measurements ,  and are  s t i l l  used in  Mossbauer  exper iments .  Gamma rays  
f rom su i tab le  rad ioact ive  iso topes are  l im i ted  in  energy  to  less  than 
about  3 .5  MeV.  
Another  source is  the  charac ter is t ic  gamma ray  emiss ion fo l lowing 
react ions  in  l igh t  nuc le i .  One o f  the  most  w ide ly  used react ions  o f  
th is  type is  (p ,«y)0^^ ,  which y ie lds  6 .14,  6 .9 ' ,  and 7 .12 MeV gamma 
rays  fo r  a  p ro ton bombard ing energy  o f  3 .645 MeV.  
In  the past  ten  years  many photonuc lear  exper iments  have used the  
charac ter is t ic  neut ron-capture  gamma rays  emi t ted  by  mater ia ls  p laced 
in  a  reactor .  These gamma rays  are  l im i ted  to  a usab le  energy  range 
f rom 3 to  I I  MeV.  A good d iscuss ion o f  th is  source i s  g iven by  
Jarczyk  e t  a l .  (17) .  
A l l  o f  the  above sources produce ga imia  rays  whose energy  reso lu t ion  
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i s  l im i ted  on ly  by  the  Doppler -broadened l ine  wid th  o f  the  nuc lear  
leve ls .  The use o f  charac ter is t ic  rad ia t ion  is  l im i ted  in  i t s  
app l ica t ion  because o f  th is  nar row energy  spread (approx imate ly  1 eV) .  
S ince the energy  o f  each such gamma ray  is  re la ted to  d iscre te  nuc lear  
leve ls ,  on ly  cer ta in  we l l  de f ined energ ies  may be obta ined.  Each o f  the  
above sources y ie lds  not  one but  severa l  d iscre te  energy  gamma rays .  
Thus,  a  photonuc lear  exper iment  u t i l i z ing  these sources must  invo lve  
an unfo ld ing o f  the  cont r ibu t ion  o f  each o f  the  energ ies  present .  
2 .  Var iab le  energy  sources 
A la rge por t ion  o f  a l l  photonuc lear  exper iments  use e lec t ron-
produced bremsst rah lung as  the i r  source o f  photons.  E lec t rons o f  
k ine t ic  energy  E may,  in  pass ing through a  th in  absorber ,  g ive  r ise  
in  each rad ia t ive  co l l i s ion  to  a bremsst rah lung x  ray  o f  any energy  
between 0  and E.  Thus,  the  d i f f i cu l ty  o f  f ind ing a  source o f  appro­
pr ia te  energy  fo r  an exper iment  has been overcome by  successfu l  use 
o f  a  cont inuous bremsst rah lung spect rum.  However ,  u t i l i za t ion  o f  th is  
necess i ta tes  an accura te  knowledge o f  the  energy  dependence o f  the  
beam in tens i ty .  A measurement  o f  th is  is  not  eas i ly  obta inab le  and 
i s  not  accura te ly  known,  par t icu lar ly  near  the  max imum energy  E.  
In  1954,  Cormack (18)  suggested tha t  by  a l lowing monoenerget ic  
gamma rays  to  undergo Compton scat ter ing ,  a  monoenerget ic  beam o f  
var iab le  energy  cou ld  be obta ined.  A gamma ray  o f  energy  EQ ,  a f te r  
Compton scat ter ing  a t  an ang le  0  f rom a f ree  e lec t ron has energy  E,  
g iven by  (19)  
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1 = 1+ ( '  -  cos8 )  (1)  
E c '  
2  
where mew 0.511 MeV i s  the  e lec t ron res t  mass.  Thus,  in  the 
o  
scat ter ing  o f  monoenerget ic  gamma rays ,  the  energy  o f  the  scat tered 
rad ia t ion  is  def ined by  the  scat ter ing  ang le .  The energy  spread o f  
the  scat tered beam depends on the  f in i te  angu lar  in terva l  used and on 
the  ve loc i ty  and b ind ing o f  the  e lec t rons in  the scat terer .  S ince th is  
method invo lves  the use o f  a  smal l  por t ion  o f  a  monoenerget ic  gamma ray  
beam a f te r  i t  has Compton scat tered,  the  method i s  very  ine f f i c ien t .  
The p rac t ica l  d i f f i cu l ty  in  the app l ica t ion  o f  th is  method is  one o f  
beam in tens i ty .  
I t  was not  un t i l  1963,  as  mul t iCur ie  sources o f  var ious  rad ioact ive  
e lements  became ava i lab le ,  tha t  successfu l  photonuc lear  exper iments  us ing 
Compton-scat tered gamma rays  were repor ted (20) .  Shor t ly  a f te rwards,  
more versat i le  fac i l i t ies ,  us ing a  su i tab ly  shaped scat terer  to  increase 
the in tens i ty  and a  c i rcu lar  geometry  to  improve reso lu t ion ,  were 
repor ted (21,  22) .  The focus ing proper ty  o f  these fac i l i t ies  is  shown 
in  F ig .  3 .  The gamma ray  source,  the  scat ter ing  mater ia l ,  and the  
ta rget  are  a l l  made to  l ie  on the same foca l  c i rc le .  From p lane 
geometry  one can see tha t  a l l  o f  the  gamma rays  coming f rom the source 
wh ich h i t  the  ta rget  a f te r  scat ter ing  f rom the curved scat terer  must  
have been scat tered through the same ang leQ ,  Thus,  f rom the proper t ies  
o f  the  Compton e f fec t  (Equat ion  1 ) ,  a l l  o f  the  gamma rays  o f  energy  E^ ,  
a f te r  be ing scat tered through the ang le  f l ,  w i l l  have the  same energy  E.  
By mov ing the  ta rget  a long the foca l  c i rc le ,  the  scat ter ing  ang le ,  and 
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hence the  energy  o f  the  gamma rays  s t r ik ing  the ta rget ,  can be var ied ,  
Mc ln ty re  and Tandon (>2,  23)  used a  1600 Cur ie  Co^^  source (gamma ray  
energ ies  o f  1 .33 and 1 .17 MeV) ,  an  a luminum scat terer ,  and a  2  meter  
rad ius  foca l  c i rc le  to  produce a  gamma ray  beam hav ing an energy  
reso lu t ion  o f  2 .5% ( fu l1 -w id th-a t -ha l f -max imum).  
Knowles  (24)  ex tended the energy  range o f  th is  type o f  fac i l i t y  
by  us ing neut ron-capture  gamma rays  as  h is  source,  in  h is  fac i l i t y ,  
charac ter is t ic  rad ia t ions  f rom a compos i te  source o f  t i tan ium and n icke l  
were  Compton scat tered f rom a ser ies  o f  a luminum p la tes .  Th is  ser ies  
o f  four  p la tes  (max imum to ta l  length  o f  17 f t )  was ar ranged to  approx i ­
mate  an arc  o f  the  foca l  c i rc le .  The energy  range was 0 .5  to  8 .5  MeV 
and the  energy  se lec t ion  I  -  3%.  A t  7  MeV the  in tens i ty  o f  the  beam 
- I  -2  "1  
inc ident  on the  ta rget  was approx imate ly  1 gamma ray  eV cm sec .  
The prob lem o f  obta in ing a  gamma ray  source o f  on ly  one energy ,  
whether  f rom a rad ioact ive  iso tope or  a  neut ron-capture  source,  
compl ica tes  the  Compton scat ter ing  techn ique.  However ,  i f  appropr ia te  
sources are  chosen,  the  most  in tense gamma ray  peaks in  the scat tered 
beam w i l l  be a t  the  h ighest  energy ,  in  th is  case,  the  ana lys is  o f  
photonuc lear  y ie ld  data  i s  much s impler  than in  the case o f  
bremsst rah lung- induced react ions .  
3 .  Compar ison o f  source in tens i t ies  
- 1  - 2  - 1  
A compar ison o f  the  beam in tens i t ies  (gamma rays  MeV cm sec )  
fo r  the  d i f fe rent  methods o f  genera t ing  gamma ray  beams su i tab le  fo r  
photonuc lear  exper iments  i s  g iven in  Tab le  I .  The va lues fo r  the  
Tab ic  1 .  Compar ison  o f  Gamma Ray  Source  In tens i t ies  
Sou rce  
C lass ! f i ca t ion  Source  
Energy  
(MeV)  
Energy  
Reso lu t ion  
1n tens i ty /peak  energy  
(ev~ 'cm"  sec" ' )  Reference  
Rad i  oac t  i  ve  
1so tope  
Neut ron  
Capture  
Pro ton  
Capture  
Co^^ ,  1 .0  Cur ie  
T i^ (n ,Y)  
Pb207(n ,Y)  
M i^®(n ,T)  
F '9 (p ,ay)  
L i ^ (p ,y )  
1 .17,  
6 .75,  
7 .38 
8 .99,  
7 .12,  
17:6 ,  
1 .33 
6 .14 
8 .53 
6 .91,  6 .14 
14:8  
1% 
r/o 
17o 
22.0  a t  I  m 
29.0^  
1 .2  
12.0  
2'10"^  
6 .10-4  
(25-27)  
m 
Bremsst rah lung  Bremsst rah lung  
monochromator  
6 -40 0 .6% 0 .6 ' lO"^  (24f 
Compton  
Sca t te red  
Ni58(n ,Y)  0
0 1 
Lf
\ o
 5  2% 1 .0  (2%;; 
^ In tens i ty  4m f rom the  source ;  fo r  a  therma l  neu t ron  f lux  o f  3 x l o ' ^  cm ^  sec  
' ' i n tens i ty  .  3m f rom the  ta rge t ;  fo r  1mA p ro ton  cur ren t .  
^For  exper imenta l  de ta i l s  see  Phys .  Rev .  126, 228 (1962) .  
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neut ron-capture  sources were ca lcu la ted fo r  a  1 kg  sample  located in  
the 6  in .  d iameter  tangent ia l  tube o f  the  Ames Labora tory  Research 
10 _2 «  I  
Reactor  ( thermal  neut ron f lux=3*10 neut rons cm sec )  and represent  
the  in tens i ty  a t  4  meters  f rom the source.  The in tens i ty  o f  the  
bremsst rah lung beam is  l im i ted  by p i le  up caused by  the  h igh count ing  
ra te  o f  low energy  gamma rays .  
B.  Compton Scat ter ing  Fac i l i t y  
The best  gamma ray  source fo r  photonuc lear  measurements  in  the 
energy  range 1 -  10 MeV,  w i th  regard  to  beam in tens i ty ,  energy  var ia t ion ,  
and reso lu t ion ,  appears  f rom the tab le  presented to  be a  Compton 
scat ter ing  fac i l i t y  w i th  a neut ron-capture  gamma ray  source.  Th is  type 
o f  ins ta l la t ion  has been des igned and const ruc ted fo r  use a t  the  Ames 
Labora tory  Research Reactor .  In  the fo l lowing sect ions  the deta i ls  o f  
th is  fac i l i t y  w i l l  be presented.  
I .  Neut ron-capture  source 
Cer ta in  c r i te r ia  must  be met  in  the  se lec t ion  o f  a  neut ron-capture  
gamma ray  source.  An idea l  source would  fu l f i l l  the  fo l lowing requ i re­
ments ;  (1 )  emi t  a  s imple  spect rum o f  gamma rays  o f  h igh  abso lu te  
in tens i ty ,  (2)  have the  most  in tense gamma rays  o f  i t s  spect rum a t  the  
h ighest  energ ies ,  and (3)  be ava i lab le  in  a  fo rm which can w i ths tand 
the gamma ray  heat ing  near  the  reactor  core .  A l i s t  o f  poss ib le  sources 
i s  g iven in  Tab le  I I .  The va lues g iven in  co lumns k ,  5» and 6  were 
obta ined f rom recent  compi la t ions  o f  Bar tho lomew e t  a l .  (25-27) .  F ig .  4  
shows bar  graphs o f  the  most  in tense l ines  in  the neut ron-capture  gamma 
Table  I I .  Neut ron-Capture  Gamma Ray Sources 
1 2  3  4  5  6  7  
E1ement  Target  Compound 
Mel t ing  
Po in t  ( °C)  
Gamma Ray 
Energy  (MeV)  
1 n tens i  t y  
Per  100 
Captu  res  (oarn)  
Gamma F lux  
a t  V  _2 _ ]  
(106cm sec )  
Be9 meta l  1278 6 .814 75 9 .5*10"3  1 .47 
c '2  graph i  te  
Sî jN^  
meta l  
3550 
1900 
651 
4 .948 
10.83 
3 .918 
70 
14 
47 
3 .4- I0~3 
7 .5°10~2 
3 .4-10"^  
0 .455 
.  105 
0 .930 
meta l  660 7 .724 17 0 .235 4 .09 
S i  28 meta l  1420 4 .936 61 8 .0-10 '^  3 .99 
so l id  I  19 5 .425 57 0 .510 17.3  
Ca^O meta  1 842 6 .421 44 0 .430 7 .28 
7 ,48 meta l  1800 6 .753 41 8 .30 197 
Cr53 meta l  1890 8 .881 14 18.2  31.4  
FeSS 
N;58 
ySg 
meta  I  
meta l  
pOx ide 
powder  
meta l  
1535 
1455 
1490 
327 
r7 .643 
^7 .629 
8 .996 
6 .080 
7 .368 
43 
26 
73 
95 
2 .70 
4 .40 
1 .28 
0 .709 
136 
104 
58.0  
8 .58 
u> 
2 0  
8# 
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F ig .  4 .  Neut ron-capture  gamma ray  spect ra  showing the  re la t ive  
in tens i ty  o f  the  charac ter is t ic  l ines  fo r  each nuc l ide  
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ray spect ra  o f  the sources l is ted in  Table 11.  Because o f  i ts  h igh 
energy gamma rays,  and re la t ive ly  h igh cross sect ion,  n icke l  was 
chosen as the source for  our  fac i l i ty .  
The source cons is ts  o f  a 1023 gram, 4  x  4  x  .5  in .  p iece of  
natura l  n icke l  he ld  in  a spr ing- loaded mount  as shown in  F ig .  5 .  The 
mount  was des igned so that  the source may eas i ly  be removed for  rep lace­
ment .  Because o f  the h igh rad ioact iv i ty  o f  the source assembly  a f ter  
removal  f rom the reactor ,  handl ing must  be done in  a "hot  ce l l "  
assembly .  The source mounts  are seated in  bear ings so that  the 
or ientat ion of  the source may be var ied.  
The source assembly  was p laced in  the center  o f  the 247 in .  long,  
6  in .  d iameter  tangent ia l  tube a t  the 5 MW Ames Laboratory  Research 
Reactor .  At  th is  pos i t ion,  the thermal  neut ron f lux  is  3 x  lo '^  
-2 _ 1 
neutrons cm sec and the gamma heat ing is  approx imate ly  .2  wat ts  per  
gram. Thus,  i t  was des i rab le  to  prov ide some cool ing for  the n icke l  
source assembly .  A cy l indr ica l  shel l  through which cool ing water  is  
pumped Vv3S wt tachcd to  the rsc"  o f  the source ho lder ,  Th is  aSScmbly  
is  mounted ins ide a 5 7 /8  in .  d iameter  a luminum tube.  These assembl ies,  
a long wi th  the source or ientat ion cont ro l  which was mounted on the 
reactor  face,  are shown in  F ig .  6 .  Between the source and the reactor  
face conta in ing the or ientat ion cont ro l ,  sh ie ld ing necessary to  prevent  
the in tense gamma ray beams f rom emerg ing f rom that  end o f  the fac i l i ty  
was pos i t ioned.  This  ha l f  o f  the fac i l i ty  is  shown in  the top por t ion 
of  F ig .  7 .  
The o ther  ha l f  o f  the 6 in .  d iameter  tangent ia l  tube conta ins the 
Fig.  5 .  Nicke l  source and mount  
F ig .  6 .  Source assembly  and ro ta t ion cont ro l  
COLLIGATION ASSEMBLY 
LEGEND 
LEAD ^ CONCRETI'"''' 
«RAFF,N M 
Fig.  7. Beam tube assembl ies 
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neutron sh ie ld ing and the gamma ray beam co l l imators .  As shown in  
F ig .  7 ,  there are 29 in .  o f  neut ron moderator  in  the beam tube.  At  
f i rs t ,  an addi t ional  12 in .  o f  moderator  was inc luded in  the tube,  
but  th is  was subsequent ly  removed to  increase the gamma ray in tens i ty .  
A large percentage of  the neut rons emerg ing f rom the reactor  are 
produced by the (y ,n)  in teract ion of  the n icke l  gamma rays wi th  the 
co l  l imat ing mater ia ls .  
2 .  Scat ter ing p la te  
A h igh energy gamma ray may in teract  wi th  mat ter  by the nuc lear ,  
photoe lect r ic ,  Compton scat ter ing,  or  pa i r  product ion in teract ion.  
The mater ia l  and th ickness o f  the scat ter ing p la te  were chosen to  make 
the Compton scat ter ing in teract ion dominant  over  the energy range to  be 
used.  Not  on ly  was i t  necessary to  cons ider  the Compton in teract ion,  
but  a lso the in teract ion of  the Compton scat tered gamma rays wi th  the 
p la te  before emerg ing f rom i t .  
An est imate o f  the "e f f ic iency"  of  d i f ferent  mater ia ls  was made for  
the fo l lowing average condi t ions:  Compton scat ter ing of  8 .0  MeV gamma 
rays f rom the p ivot  po in t  o f  the scat ter ing p la te  through an angle o f  
12 degrees.  F ig .  8  shows the geometr ica l  ar rangement  be ing descr ibed.  
The inc ident  gamma ray s t r ikes the p la te  a t  an angle Qi  and the 
scat tered gamma ray emerges a t  an angle y  .  The e f fect ive th ickness of  
t h e  p l a t e  a s  s e e n  b y  t h e  i n c i d e n t  g a m m a  r a y  I s  g i v e n  b y  =  t / s  i n ,  
where 
"  "  arctan 1 9  '  '  
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PIVOT SOURCE 
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TAN a= SIN 9 
r/c + COS B 
/ 
Fig.  8 .  Geometr ica l  ar rangement  cons idered for  scat ter ing 
ef f ic iency ca lcu la t ions,  (a)  complete fac i l i ty ,  
(b)  beam in teract ion wi th  scat ter ing p la te  
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As the gamma ray beam passes through a d is tance dx o f  the p la te ,  i ts  
in tens i ty  is  decreased due to  Compton scat ter ing through an angleg 
in to  a un i t  so l id  angle by the amount  
d i  =  - I  ^  (0)•  N dx ,  
where ^  is the d i f ferent ia l  Compton scat ter ing cross sect ion and 
N is  the number  o f  e lect rons per  cm^.  The in tens i ty  o f  the beam a f ter  
i t  has t rave led a d is tance x  in to  the mater ia l  is  
1 =  1^ .  
where j i  is  the l inear  absorpt ion coef f ic ient  for  the mater ia l  for  a 
gamma ray energy o f  8 .0  MeV.  The Compton scat tered beam is  then 
at tenuated as i t  t rave ls  a d is tance y  before emerg ing f rom the p la te .  
Thus,  
M = 1 N +  ^y)  dx 
o d n  
where 6  is  the l inear  absorpt ion coef f ic ient  for  the scat tered gamma 
ray in  the mater ia l .  Express ing y  in  terms o f  x  and in tegrat ing over  
va lues o f  x  f rom zero to  x ,  we obta in  
o  
'  (M+ B6) 
where B =  s  in  9  / tan y  -  cos 9  .  I f  ^  and Ô are in  un i ts  o f  cm ' ,  then 
N =  Z P "o  
A 
where Z,  p ,  and A are the atomic number ,  dens i ty ,  and atomic weight  o f  
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the scat ter ing p la te  mater ia l  respect ive ly  and is  Avogadro 's  number .  
Equat ion 2 ,  which g ives a measure o f  the e f f ic iency of  the 
scat ter ing p la te ,  was eva luated for  severa l  mater ia ls  and d i f ferent  
va lues o f  x^ .  The l inear  absorpt ion coef f ic ients  were taken f rom the 
compi la t ion by P lechaty  and Terra i  1 (28) .  The d i f ferent ia l  Compton 
scat ter ing cross sect ion was obta ined by evaluat ing the Kle in-Nish ina 
formula (29)  
da (0)  _  [1  +  cos^9 +60^(1 -  cos9 )^ ]  
2m^c^ [ I  +00 ( I  -  cos 9 ) ]^  [1  +  W (  I  -  cosO)]  
2 
where CO i s  the energy o f  the inc ident  gamma ray d iv ided by mc .  The 
resu l ts  o f  these ca lcu la t ions are p lo t ted in  F ig .  9 .  
The l imi ta t ion on the th ickness o f  the scat ter ing p la te  was that  
i t  had to  be th in  enough to  be bent  in to  an arc  o f  a c i rc le  by apply ing 
a force to  each end.  The d imensions o f  our  fac i l i ty  set  an upper  l imi t  
o f  about  0 .375 in .  on the p la te  th ickness.  Th is  th ickness corresponds 
to  an e f fect ive th ickness of  14.0 cm a t  a scat ter ing angle o f  6  degrees,  
7 .15 cm a t  12 degrees,  and 2.84 cm a t  30 degrees.  As seen f rom F ig .  9 ,  
a luminum is  the most  e f f ic ient  scat ter ing mater ia l  for  smal l  scat ter ing 
angles ( i .e . ,  largest  e f fect ive th ickness) ,  whi le  i ron is  bet ter  for  
the larger  angles.  Two d i f ferent  scat ter ing p la tes were const ructed for  
our  fac i l i ty :  a 0.375 in .  th ick  a luminum p la te  and a 0.250 in .  th ick  
i ron p la te .  Since in  the photof iss ion measurements we were in terested 
in  the h igher  energ ies,  hence smal ler  scat ter ing angles,  on ly  the 
a luminum p la te  was used in  the research repor ted in  th is  thes is .  
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The shape o f  the scat ter ing p la te  was ca lcu la ted so that  upon 
appl icat ion of  a "co lumn loading"- type force to  each end,  a  un i form 
st ress w i l l  be d is t r ibuted a long the ent i re  length of  the p la te .  This  
insures that  the p la te  wi l l  bend in to  an arc  of  a  c i rc le .  At  i ts  
center  the p la te  is  15 in .  h igh and i ts  to ta l  length is  89 in .  As 
shown in  F ig .  10,  the ends o f  the p la te  are mounted in  moveable 
suppor ts  which are connected by two O.5O in .  d iameter  rods.  One end 
o f  each o f  the rods is  threaded and passes through a ba l l  bear ing screw 
assembly  mounted in  the p la te  end suppor t  nearer  the reactor  face.  The 
ba l l  bear ing screws are ro ta ted by a chain dr ive f rom a motor  mounted 
on the p la te  end suppor t .  As the screw assembl ies are ro ta ted in  the 
forward d i rect ion,  the end suppor t  moves a long the threaded end o f  the 
connect ing rods,  thus apply ing a force to  each end o f  the scat ter ing 
p la te  and caus ing i t  to  bend.  
The change in  the curvature o f  the p la te  can be d i rect ly  re la ted 
to  the change in  the length o f  the connect ing rods,  s ince they form a 
chord o f  the c i rc le .  !n  order  to  ind icate the amount  o f  curvature o f  
the p la te ,  a 10 turn,  10,000 ohm he l ipot  potent iometer  was a t tached to  
one end o f  the motor  dr ive shaf t .  As the chord length,  and hence the 
curvature,  is  changed by the dr ive motor ,  the potent iometer 's  
res is tance is  measured and d isp layed by a d ig i ta l  ohmmeter .  
The scat ter ing p la te  is  at tached to  a ver t ica l  post  mounted in  a 
ba l l  bear ing.  Another  dr ive motor  and potent iometer  combinat ion is  used 
to  ro ta te th is  p ivot  and ind icate i ts  pos i t ion.  At  each scat ter ing 
angle,  the foca l  c i rc le  is  def ined by the n icke l  source,  th is  p ivot  post ,  
I#' 
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and the center  o f  the target  chamber .  The scat ter ing p la te  is  then made 
to  l ie  a long th is  c i rc le  by ad just ing i ts  curvature and ro ta t ion.  
As the scat ter ing angle increases,  the area of  the p la te  in  the 
gamma ray beam decreases.  The pro ject ion of  the beam f rom the n icke l  
source onto the p la te  is  shown in  F ig .  11 for  severa l  scat ter ing 
angles.  The pro ject ions would normal ly  be e l l ipses;  however ,  hor izonta l  
co l l i  mat  ion in  the beam tube causes them to  be cut  o f f  on each end.  
3 .  Target  chamber  and sh ie ld ing 
The por t ion of  the Compton scat ter ing fac i l i ty  externa l  to  the 
reactor  is  shown in  F ig .  12.  A 10- in .  th ick  lead b lock is  moved (by 
means o f  an a i r  cy l inder)  a long ra i ls  at tached to  the reactor  face.  
When the scat ter ing p la te  is  ro ta ted out  o f  the way,  th is  gate may be 
moved in  f ront  o f  the beam por t  to  b lock the gamma ray beam. L imi t  
swi tches have been inc luded in  the fac i l i ty  so that  i t  is  imposs ib le  
to  move the gate whi le  the p la te  is  in  the way.  
The sh ie ld ing a long the s ides of  the fac i l i ty  is  a concrete wal l .  
The end sh ie ld ing cons is ts  o f  concrete up to  a he ight  o f  24 in .  and 
lead the rest  o f  the way.  A removable lead p lug is  located in  the end 
sh ie ld ing at  the pos i t ion which corresponds to  zero degree scat ter ing 
angle.  Th is  is  for  the purpose of  obta in ing an energy ca l ibrat ion f rom 
the unscat tered beam. By means o f  a  ser ies o f  10 lead- f i l led gates,  
the scat tered beam is  a l lowed to  pass through the end sh ie ld ing and in to  
the target  chamber  a t  the des i red angle.  These gates may be ra ised 
s ing ly  or  two a t  a t ime by means o f  two a i r  cy l inders mounted on a 
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suppor t  which can move a long grooves in  the top sh ie ld ing.  
The target  chamber  has an inner  d iameter  o f  22 in .  and he ight  o f  
24 in .  Access to  the chamber  is  through a door  on each s ide or  by 
removing the top.  The chamber  is  moved a long a curved t rack by means 
o f  a dr ive motor .  S ince the center  o f  the target  chamber  ro ta tes 
about  the scat ter ing p la te  p ivot  a t  a  rad ius o f  84 in . ,  the pos i t ion ing 
of  the chamber  a t  the d i f ferent  scat ter ing angle is  re la t ive ly  s imple.  
For  a  g iven scat ter ing angle 9 ,  a l ine jo in ing the target  and the p la te  
p ivot  must  make an angle 8  wi th  the l ine jo in ing the p ivot  and the 
n icke l  source.  A ca l ibrated scale is  inscr ibed a long the target  chamber  
t rack to  ind icate the scat ter ing angle corresponding to  the target 's  
pos i t  ion.  
Thus,  for  each scat ter ing angle,  one must  ad just  the scat ter ing 
p la te 's  curvature and ro ta t ion and the target  chamber 's  pos i t ion.  
Through the use o f  dr ive motors  and readout  dev ices prev ious ly  d iscussed,  
these ad justments  take on ly  a few minutes.  
F ig .  13 shows a  top v iew of  the Compton scat ter ing fac i l i ty  wi th  
the top sh ie ld ing removed.  A complete v iew of  the fac i l i ty  is  shown in  
F ig .  14.  
4 .  D! rect  (n ,  y )  beam 
in  order  to  analyze the components  in  the scat tered gamma ray beam, 
the d i rect  (n ,y)  beam emerg ing f rom the reactor  had to  be cons idered.  
The energy d is t r ibut ion of  the d i rect  beam was measured wi th  a h igh-
resolut ion l i th ium-dr i f ted germanium detector ,  Ge(L i ) .  Th is  detector  
Fig.  13.  Top v iew of  fac i l i ty  wi th  top sh ie ld ing removed 
F ig .  14.  Complete v iew of  fac i l i ty  
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(purchased f rom Nuclear  Diodes Corp. )  had an act ive cy l indr ica l  vo lume 
o f  65 cc and an energy reso lu t ion of  3 .2  keV a t  i .33 MeV and 5 .5  keV 
a t  9 .0  MeV.  Wi th  the target  chamber  p laced a t  the zero scat ter ing angle 
pos i t ion,  the Ge(L i )  detector  was p laced a t  i ts  center .  Because o f  the 
in tens i ty  o f  the d i rect  beam, i t  was necessary to  leave the 12 in .  th ick  
lead p lug in  p lace between the beam and the detector .  A Nuclear  Data 
Corp.  model  2200 pu lse he ight  analyzer  wi th  a 4092 channel  memory was 
used,  i ts  analog- to-d ig i ta l  conver ter  operates a t  a 100 MHz ra te  wi th  
a maximum convers ion ga in  o f  8192 channels .  The energy d is t r ibut ion 
above 4 .6  MeV as obta ined in  th is  manner  is  shown in  F ig .  15.  
For  each character is t ic  energy present ,  three peaks were recorded,  
s ince the gamma ray energ ies are above the pa i r  product ion threshold o f  
1 .02 MeV.  These correspond to  the fu l l  energy peak and the s ing le  and 
double escape o f  the annih i la t ion gamma rays.  In  order  to  analyze more 
eas i ly  the components  o f  the d i rect  beam, a  pa i r  spect rometer  system was 
set  up in  the target  chamber .  Two 3x3 in .  sodium iod ide sc in t i l la t ion 
crysta ls  were used to  detect  the 511 keV anni1 ihat ion quanta.  A d iagram 
o f  t h e  p a i r  s p e c t r o m e t e r  s y s t e m  i s  s h o w n  i n  F i g .  I 6 .  
S ince a pu lse f rom the Ge(L i )  detector  must  be accompanied by 
detect ion of  a  511 keV gamma ray by each o f  the NaI  detectors ,  on ly  
double escape peaks are s tored in  the analyzer .  F ig .  17 shows the 
resu l ts  o f  a pa i r  spect rometer  measurement  o f  the d i rect  beam. As 
expected,  the 8996,  8525,  and 6835 keV gamma rays f rom neutron capture 
in  n icke l  are the most  in tense.  However ,  severa l  in tense l ines are 
present  which can be a t t r ibuted to  e lements o ther  than n icke l .  Very 
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prominent  a re  the  7629 and 7643 keV l ines  f rom neut ron capture  in  i ron  
and the  7724 keV l ine  charac ter is t ic  o f  a luminum.  A lso  v is ib le  is  the  
8884 keV l ine  f rom chromium.  The a luminum l ine  was expected s ince the 
tangent ia l  reac tor  tube and fo r  the  most  par t  the  inser ted assembl ies  
were const ruc ted o f  a luminum.  
The surpr is ing  fore ign l ines  are  those due to  neut ron capture  in  
i ron  and chromium,  thus  ind ica t ing  the presence o f  a  la rge quant i ty  o f  
s ta in less  s tee l .  I t  was learned tha t  the  tangent ia l  tube passes 
th rough an 8  in .  th ick  s ta in less  s tee l  sh ie ld  a t  3  f t  on e i ther  s ide  o f  
the  n icke l  source locat ion .  Thus,  gamma rays  f rom the sh ie ld  are  
emerg ing f rom the reactor  por t  in  d i rec t ions  that  are  not  necessar i l y  
para l le l  w i th  the  beam tube ax is .  To i l lus t ra te  th is ,  a  measurement  
o f  the  beam was taken w i th  the Ge(L i )  de tec tor  wh i le  the  ta rget  chamber  
was a t  a  pos i t ion  o f  0 ,60 degree.  The resu l ts  are  shown in  F ig .  18.  A t  
th is  ang le ,  the  most  in tense i ron  and a luminum l ines  are  more in tense 
than the  8 .99 MeV n icke l  l ine .  
Thus,  in  order  to  determine the  re la t ive  in tens i ty  o f  the  neut ron-
capture  gamma rays  inc ident  on the  scat ter ing  p la te ,  the  scat tered beam 
must  be cons idered.  
5 .  Scat tered beam 
a .  Energy  spect rum In  order  to  es t imate  the  energy  spread in  
the scat tered gamma ray  l ines ,  a  ca lcu la t ion  was made based on the  
spread o f  the  scat tered beam due to  the f in i te  d imens ions o f  the  source,  
scat ter ing  p la te ,  and ta rget .  Fo l lowing the procedure  o f  Tandon and 
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Mclnty re  (23) ,  the  w id th  o f  the  ta rget  can be shown to  be the  dominant  
fac tor  in  the energy  spread.  The angu lar  spread due to  i t  is  g iven by  
A9 J.  =  AR/ r  (4 )  
where A0^ is  the  angu lar  spread o f  the  beam,  AR i s  the  w id th  o f  the  
ta rget ,  and r  i s  the  d is tance f rom the scat ter ing  p la te  p ivo t  to  the 
ta rget .  For  AR =  .75 in .  and r  =  84 in . ,  A0^ =  0.009 rad ians.  By 
d i f fe rent ia t ing  Equat ion  1 w i th  respect  to  6 ,  one obta ins  
AE (E ^ /m c^)  s in  8  
A9 [ I  +  E^( l  -  cos0) /m^c ]  
For  =  9  MeV and 6=6 degrees,  th is  g ives  200 keV per  degree.  Us ing 
the ca lcu la ted va lue o f  A9^ ,  one f inds  that  the  scat tered l ines  shou ld  
have a  w id th  o f  approx imate ly  170 keV,  wh ich  cor responds to  an energy  
reso lu t ion  o f  2 .1%.  At  9= 30 degrees the  scat tered 9  MeV l ine  shou ld  
have a  w id th  o f  105 keV,  wh ich  cor responds to  an energy  reso lu t ion  o f  
3 .9%.  
I f  the w id th  o f  each o f  the  l ines  in  F ig .  15 i s  increased to  
170 keV and the  l ines  are  moved c loser  together  due to  Compton 
scat ter ing ,  a  smeared out  spect rum would  resu l t  f rom the over lap  o f  
the  l ines .  Thus,  i t  was expected tha t  the  s t ruc ture  o f  the  scat tered 
beam cou ld  not  be adequate ly  s tud ied by  the  use o f  a  s ing le  gamma ray  
detec tor ,  s ince the pu lse-he ight  spect rum f rom i t  would  conta in  not  on ly  
the  fu l l -energy  peak,  bu t  a lso  the s ing le  and doub le  escape peaks fo r  
50 
each gamma ray  energy  present .  Th is  was conf i rmed by  v iewing the 10 
degree scat tered beam w i th  a  Ge(L i )  de tec tor .  The resu l t  o f  th is  
measurement  i s  shown in  F ig .  19.  
In  order  to  obta in  an accura te  scat tered beam spect rum,  a  pa i r  
spect rometer  must  be used.  A measurement  o f  the  10 degree scat tered 
beam taken w i th  the pa i r  spect rometer  descr ibed in  sec t ion  B.4 .  o f  th is  
chapter  i s  shown in  F ig .  20.  As expected,  the  scat tered l ines  due to  
i ron  and a luminum are  very  in tense.  The w id th  o f  the  scat tered 8996 
keV l ine  is  approx imate ly  I80  keV.  
The separa t ion  o f  the  peaks in  the scat tered beam decreases as  
the  scat ter ing  ang le  increases.  Th is  i s  seen by  p lo t t ing  the energy  
o f  the  scat tered photons as  a  func t ion  o f  scat ter ing  ang le  fo r  some o f  
the  more in tense d i rec t  beam energ ies  as  shown in  F ig .  21.  Exper imen­
ta l l y ,  th is  is  ver i f ied  by  measur ing  the  scat tered beam spect rum wi th  a  
pa i r  spect rometer .  As shown in  F ig .  22,  the  scat tered peaks not  on ly  
decrease in  energy  w i th  scat ter ing  ang le  but  a lso  gradua l ly  lose the i r  
separa t ion .  Thus,  a t  the  la rger  ang les ,  the  scat tered beam cons is ts  
p r imar i ly  o f  a  s ing le  peak.  The scat tered peaks in  F ig .  22 are  wider  
than those in  F ig .  20 because the  w id th  o f  the  beam ent rance por t  o f  
the  ta rget  chamber  was increased fo r  th is  measurement .  
b .  1ntens i ty  Not  on ly  must  the  energy  spect rum o f  the  
scat tered beam be known fo r  each scat ter ing  ang le  but  the  in tens i ty  o f  
each o f  the  components  o f  the  beam must  a lso  be known.  I t  was necessary  
to  measure  accura te ly  the  number  o f  photons in  the scat tered beam a t  
the  ta rget  pos i t ion  as a  func t ion  o f  scat ter ing  ang le .  In  order  to  
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re la te  the number  o f  counts  in  a  peak o f  a  pu lse  he ight  spect rum f rom 
a gamma ray  detec tor  to  the number  o f  photons o f  tha t  energy  inc ident  
on the  detec tor ,  the  e f f i c iency  and peak- to- to ta l  ra t ios  must  be known 
fo r  the  detec tor .  Sod ium iod ide c rys ta ls  have been used fo r  in tens i ty  
measurements  o f  h igh  energy  gamma rays  (30) ,  s ince peak- to- to ta l  ra t ios  
are  genera l ly  unknown fo r  Ge(L i )  de tec tors .  Both  the  e f f i c iency  and 
peak- to- to ta l  ra t ios  have been measured exper imenta l ly  (31-33)  and 
ca lcu la ted by  the  Monte  Car lo  method (3^-36)  fo r  sod ium iod ide c rys ta ls .  
For  these reasons,  a  NaI  c rys ta l  was used to  measure  the  in tens i ty  o f  
the  scat tered beam.  
The fo l lowing procedure  was used in  obta in ing the energy  spect rum 
and in tens i ty  var ia t ion  o f  the  beam as  a  func t ion  o f  scat ter ing  ang le :  
(1 )  measurement  o f  the  in tens i ty  var ia t ion  o f  a  s ing le  peak in  the 
scat tered beam,  (2 )  abso lu te  in tens i ty  measurement  o f  th is  peak a t  one 
scat ter ing  ang le ,  and (3)  pa i r  spect rometer  measurement  o f  the  scat tered 
beam a t  a l l  scat ter ing  ang les .  
The use o f  a  Na i  c rys ta l  to  detec t  nigh e i ie ryy  gamir ia  rays  
necess i ta tes  the care fu l  des ign o f  co l l imat ion  and sh ie ld ing sur round ing 
the  c rys ta l  as  d iscussed by  Greenwood and Reed (30) .  F ig .  23 shows the  
sh ie ld ing and co l l imat ion  conf igura t ion  used in  the  in tens i ty  measure­
ments .  The NaI  assembly  cons is ted o f  a  3  x  3  in .  c rys ta l  d i rec t ly  
a t tached to  a  photo-mul t ip l ie r  tube and hermet ica l ly  encapsu la ted in  an 
a luminum l igh t - t igh t  hous ing.  The assembly  was pos i t ioned so tha t  the  
center  o f  the  c rys ta l  was located a t  the  foca l  po in t  in  the  ta rget  
chamber .  The co l l imat ion  was tapered to  a  rec tangu lar  area 2  in ,  h igh 
Fig .  23.  Co] l imât  ion  and sh ie ld ing used in  the beam in tens i ty  measurements  
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by 0 .75 in .  wide a t  the  face o f  the  c rys ta l .  Th is  a l lowed the c rys ta l  
to  v iew the ent i re  scat ter ing  p la te  a t  each scat ter ing  ang le .  As 
shown in  F ig .  23,  the  f i rs t  co l l imator  in  the assembly  ( le f t  s ide)  
cons is ted o f  lead encased in  brass .  Th is  p iece was pos i t ioned in  the 
beam ent rance por t  o f  the  ta rget  chamber .  A f te r  th is  co l l imator  was 
const ruc ted,  i t  was used as  a  mold  to  form beam a t tenuators .  Mol ten 
lead was poured in to  the rec tangu lar  s lo t  th rough th is  co l l imator ,  
a l lowed to  harden,  and then care fu l ly  removed.  A t tenuators  were then 
mach ined f rom th is  lead p lug fo r  the  purpose o f  reduc ing the beam 
in tens i ty  inc ident  on the  Nal  c rys ta l  to  a  to le rab le  leve l .  
In  order  to  cor rec t  the  in tens i ty  measurements  fo r  var ia t ions  in  
the reactor  power  leve l ,  i t  was necessary  to  moni tor  the  d i rec t  beam 
emerg ing f rom the reactor  por t .  Th is  was accompl ished by  us ing a  
l i th ium-dr i f ted  s i l i con detec tor  to  v iew a  smal l  por t ion  o f  the  d i rec t  
beam.  Be ing very  ine f f i c ien t  fo r  detec t ing  h igh energy  gamma rays ,  
th is  detec tor  was idea l ly  su i ted  fo r  moni tor ing  the in tense d i rec t  beam.  
Only  gamma rays  w i th  energy  greater  than 2  MeV are  counted.  F ig .  2k i s  
a  d iagram o f  the  moni tor  and Nal  e lec t ron ics  used in  the in tens i ty  
measurements .  
The in tens i ty  o f  the  gamma ray  peak due to  Compton scat ter ing  o f  
the  8996 keV neut ron-capture  gamma ray  was measured as  a  func t ion  o f  
scat ter ing  ang le .  S ince the  d i rec t  beam gamma rays  w i th  energy  above 
8996 keV have neg l ig ib le  in tens i ty ,  i t  was poss ib le  to  sum the counts  
in  the photopeak o f  the  cor respond ing scat tered l ine .  Th is  wou ld  not  
be poss ib le  fo r  the  lower  energy  l ines  because o f  the  cont r ibu t ion  o f  
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nearby peaks.  Ac tua l ly ,  a t  the  la rger  scat ter ing  ang les  (where  the  
scat tered peaks are  c loser  together ) ,  there  was a  s l igh t  cont r ibu t ion  
to  the low energy  s ide  o f  th is  photopeak due to  the scat tered 8525 keV 
l ine .  For  th is  reason,  on ly  the  counts  above the  cent ro id  o f  the  
photopeak were summed,  and th is  in tegra ted to ta l  was doub led (a  
symmetr ic  scat tered peak was assumed) .  
The dura t ion  o f  each measurement  was cont ro l led  by  the  moni tor  
counts .  The pre-set  sca ler  used to  record  the moni tor  counts  shut  o f f  
when a  to ta l  o f  10^  was reached.  Th is  caused the  gate  pu lse  f rom the 
sca ler  to  drop to  zero  thus shut t ing  o f f  the  mul t ichanne l  ana lyzer .  
The c lock  t ime o f  each measurement  was a lso  recorded in  order  tha t  the  
moni tor  counts  per  un i t  t ime a t  each angu lar  pos i t ion  cou ld  be 
ca lcu la ted.  The moni tor  count  ra te  var ied  s l igh t ly  as  the  scat ter ing  
ang le  was changed because a  por t ion  o f  the  moni tor  counts  was due to  
gamma rays  which were scat tered by  the  scat ter ing  p la te .  
The cor rec ted in tegra ted counts  in  the photopeak a t  each angu lar  
pos i t ion  was obta ined f rom 
2 N  e - W X  
N =  — 
R 
where i s  the  in tegra ted to ta l  obta ined f rom the pu lse  he ight  
spect rum,  R i s  the  photopeak e f f i c iency  o f  the  Nal  de tec tor ,  and JU 
i s  the  l inear  a t tenuat ion  coef f ic ien t  fo r  lead a t  the  inc ident  energy .  
The va lue o f  R i s  the  product  o f  the  in terac t ion  ra t io  and the  
photo f rac t ion  o f  the  c rys ta l .  The in terac t ion  ra t io  is  the  ra t io  o f  
the  number  o f  gamma rays  tha t  in terac t  a t  leas t  once to  the number  
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tha t  s t r ike  the c rys ta l  face.  For  the  case o f  a  para l le l  beam o f  gamma 
rays  o f  energy  E inc ident  a long the d i rec t ion  o f  the  c rys ta l ' s  ax is  o f  
length  L ,  the  in terac t ion  ra t io  is  g iven by  
,  .  e - .  
where  ^ • (E)  i s  the  absorp t ion  coef f ic ien t  fo r  gamma rays  o f  energy  E in  
the  c rys ta l .  The photo f rac t ion  is  the  f rac t ion  of  the  in terac t ing  
gamma rays  tha t  i s  comple te ly  absorbed in  the c rys ta l  ( inc lud ing a l l  
secondary  rad ia t ion) .  
The photo f rac t ion  fo r  a  3  x  3  in .  Nal  c rys ta l  has been measured by  
Jarczyk  e t  a l .  us ing neut ron-capture  gamma rays  (31) .  Snyder  ob ta ined 
good agreement  w i th  these exper imenta l  va lues in  h is  Monte  Car lo  
ca lcu la t ion  (36) .  The va lues g iven in  these re ferences were used in  the 
present  ca lcu la t ions .  Mi l le r  and Snow have tabu la ted the va lues o f  the  
in terac t ion  ra t io  for  var ious  c rys ta l  s izes  and gamma ray  energ ies  (35) .  
The photopeak e f f i c iency ,  R,  var ies  f rom .084-3  a t  4 .5  MeV to  .0465 
a t  8 .0  Mev.  
F ig .  25 shows the  var ia t ion  o f  the  in tens i ty  o f  the  scat tered 
8996 keV l ine  wi th  ang le .  The in tens i t ies  are  normal ized to  the va lue 
a t  13.45 degrees.  As expected,  the  re la t ive  in tens i ty  decreases as  the  
scat ter ing  ang le  increases.  Th is  i s  due to  the change in  the Compton 
scat ter ing  cross  sec t ion  and in  the scat ter ing  geometry  w i th  ang le .  To 
i l lus t ra te  th is ,  the d i f fe rent ia l  c ross  sec t ion  per  un i t  so l id  ang le  fo r  
Compton scat ter ing  was ca lcu la ted f rom Equat ion  3 fo r  the most  in tense 
l ines  in  the d i rec t  beam.  These va lues ( re la t ive  to  the va lue a t  zero  
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F ig .  25.  Var ia t ion  o f  the  in tens i ty  o f  the  scat tered 8996 keV gamma ray  w i th  ang l  
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degrees)  a re  shown in  F ig .  26.  As the  scat ter ing  ang le  increases,  the  
e f fec t ive  th ickness o f  the  scat ter ing  p la te  is  reduced.  
The abso lu te  in tens i ty  o f  the  scat tered 8996 keV l ine  was 
determined by  measur ing  i t s  in tens i ty  a t  a  scat ter ing  ang le  o f  13.45 
degrees as  a  func t ion  o f  a t tenuator  th ickness.  As be fore ,  the  counts  
in  the pu lse  he ight  d is t r ibu t ion  above the  cent ro id  o f  the  photopeak 
were summed.  The in tens i ty  o f  the  beam a f te r  pass ing through the 
absorbers  o f  to ta l  th ickness x  i s  g iven by  
1 =  1 e "^^  
o 
Tak ing the  logar i thm (base e)  o f  th is  equat ion ,  we ob ta in  
In  I  =  In  1^  -  | i x  
Thus,  the  logar i thm of  the  cor rec ted in tegra ted counts  i s  a  s t ra ight  
l ine  funct ion  o f  the  a t tenuator  th ickness.  A l inear  leas t -squares  f i t  
was made to  the data .  The inc ident  abso lu te  in tens i ty  o f  the  scat tered 
l ine  was the  in tercept  o t  th is  s t ra ight  l ine  f i t .  A va lue o f  0 .996 x  
10^ /sec .  was obta ined by  th is  method.  The above procedure  has the  
advantage tha t  i t  is  not  necessary  to  know the  va lue o f  the  absorp t ion  
coef f ic ien t  ^  .  However ,  i s  jus t  g iven by  the  s lope o f  the  s t ra ight  
l ine  f i t .  A va lue o f  0 .489 cm ^ was ob ta ined fo r  U in  th is  manner .  
Th is  i s  very  c lose to  the va lue o f  0 .495 g iven by  P lechaty  and 
Ter ra i  1 (28) .  
Severa l  o f  the  re la t ive  and abso lu te  in tens i ty  measurements  were  
repeated in  order  to  check the i r  reproduc ib i l i t y .  In  each case the  
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Fig .  26.  Var ia t ion  o f  d i f fe rent ia l  Compton scat ter ing  cross  sec t ion  
w i th  ang le  
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in tegra ted count  to ta l  fo r  the  measurement  was reproduc ib le  to  w i th in  
a  few percent .  Each measurement  y ie lded an in tegra ted to ta l  count  o f  
approx imate ly  10^ .  Thus the  s ta t is t ica l  er ror  was very  smal l .  The 
major  source o f  e r ror  in  the abso lu te  in tens i ty  l ies  in  the prec is ion  
o f  the  abso lu te  photopeak e f f i c ienc ies .  The quoted va lues o f  the  
e f f i c ienc ies  cou ld  dev ia te  f rom the ac tua l  e f f i c iency  o f  our  de tec tor  
by  as  much as  15 percent .  
Thus knowing the  abso lu te  in tens i ty  var ia t ion  o f  one o f  the  l ines  
in  the scat tered beam by  these measurements  and the  energy  spect rum o f  
the  scat tered beam a t  a l l  scat ter ing  ang les  th rough the pa i r  spect ro­
meter  measurements ,  comple te ly  def ines  the inc ident  beam.  
66 
I I I .  EXPERIMENTAL DETAILS 
A.  Fragment  de tec t ion  appara tus  
F iss ion f ragments  are  eas i ly  detec tab le  because they  are  h igh ly  
ion iz ing  par t ic les .  A lmost  a l l  o f  the  photo f iss ion research pr io r  to  
1962 was conducted us ing gas- f i l led  ion iza t ion  chambers  as  f ragment  
de tec tors .  A typ ica l  chamber  was descr ibed by  Katz  e t  a l .  (9 ) .  
Exce l len t  detec t ion  geometry  was ob ta inab le  f rom th is  type o f  de tec t ion  
sys tem.  However ,  care  was necessary  in  d is t ingu ish ing between the 
pu lses  produced by  f ragments  and those due to  the photon beam or  the  
natura l  a lpha ac t iv i ty  o f  the  ta rget .  
In  recent  years  so l id  s ta te  t rack  detec tors  have been used in  the 
detec t ion  o f  f i ss ion  f ragments .  Mater ia ls  such as  mica,  Makro fo l ,  
ce l lu lose aceta te ,  and Lexan po lycarbonate  have been used fo r  detec tors .  
The t racks  produced in  such mater ia ls  by  f i ss ion f ragments  are  
observab le  w i th  the a id  o f  a  microscope.  Th is  type o f  de tec tor  i s  
insens i t i ve  to  the photon beam and a l lows d iscr iminat ion  between 
f i ss ion f ragments  and a lpha pu lses .  However ,  s ince there  is  no way to  
tu rn  these detec tors  o f f ,  one must  cor rec t  the  to ta l  number  fo r  back­
ground t racks .  
S i l i con semiconductor  de tec tors  have a lso  been used fo r  f i ss ion 
f ragment  de tec t ion .  A gu ide to  the eva luat ion  o f  these detec tors  has 
been g iven by  Schmi t t  and P leasonton (37) .  Exce l len t  energy  reso lu t ion  
( thus  easy d iscr iminat ion  between f ragments  and a lpha par t ic les)  is  
obta inab le .  Semiconductor  de tec tors  cannot  be used w i th  ta rgets  w i th  
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high natura l  a lpha par t ic le  ac t iv i ty  due to  rad ia t ion  damage.  Th is  
damage i s  usua l ly  ind ica ted by  an increase i n  the  b ias  leakage cur rent  
13 
a f te r  an in tegra ted dose o f  approx imate ly  10 a lpha par t ic les .  However ,  
these detec tors  a lso  have the  advantage tha t  they  are  comple te ly  
insens i t i ve  to  photon beams.  
S ince the ta rget  nuc l ides  used in  th is  research do not  have h igh 
natura l  a lpha par t ic le  ac t iv i t ies ,  s i l i con semiconductor  de tec tors  were 
used fo r  f i ss ion f ragment  de tec t ion .  decays by  a lpha par t ic le  
2 235 3 
emiss ion a t  a  ra te  o f  7 .34-10 /min /mg,  and U a t  a  ra te  o f  4 .74"10 /min /  
mg ( 3 8 ) .  The detec tors  were 70 M th ick ,  to ta l ly  dep le ted,  sur face bar r ie r  
detec tors  purchased f rom Nuc lear  D iodes Corp .  The i r  ac t ive  area was 
50 X 10 mm. 
S ince the  range o f  heavy ions  in  a i r  is  very  shor t ,  i t  was necessary  
to  des ign and const ruc t  a  ta rget  chamber  wh ich  cou ld  be evacuated.  A 
d rawing o f  th is  chamber  i s  shown in  F ig .  27.  The ins ide d iameter  o f  
th is  a luminum chamber  i s  6 .125 in .  and i t s  he ight  i s  5 .5  in .  The 
detec tors  are  mounted on moveab le  arms wh ich p ivo t  about  the  cent ra l  
ta rget  pos i t ion .  A vacuum o f  less  than 10 ^  Tor r  i s  main ta ined in  the 
chamber  dur ing  opera t ion .  The beam ent rance window is  0 .05 in .  th ick  
a luminum,  thus  a t tenuat ing  the inc ident  photon beam a neg l ig ib le  
amount .  Th is  chamber  was r ig id ly  mounted ins ide the ta rget  chamber  o f  
the  Compton scat ter ing  fac i l i t y .  I t  was pos i t ioned so tha t  i t s  ta rget  
pos i t ion  co inc ided w i th  the geometr ica l  center  o f  the  la rger  chamber .  
B .  Targets  
A l l  o f  the  ta rgets  had an area 0 .75 in .  w ide by  2 .00 in .  h igh,  
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Fig. 27. Photofission target chamber 
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corresponding to  the co i l imated area used in  the beam in tens i ty  
measurements.  Relat ive photof iss ion y ie ld  measurements were made us ing 
targets  in  the ox ide form (U^Og) approx imate ly  0 .02 in ,  th ick .  These 
targets ,  U^^^(99.27%) and U^^^(93.23%),  were coated on the sur face of  
th in  a luminum fo i ls .  The fo i ls  were mounted on a luminum f rames which 
could be r ig id ly  mounted accurate ly  a t  the target  pos i t ion in  the 
chamber .  
Segre and Wiegand have ca lcu la ted the end po in t  o f  the absorpt ion 
2 
curve for  f iss ion f ragments in  U^Og to  be 10.0 mg/cm (39) .  Thus there 
is  noth ing to  be ga ined by hav ing targets  th icker  than th is .  Since 
the f iss ion f ragment  energy is  independent  o f  the gamma ray energy,  i t  
is  not  necessary to  correct  re la t ive y ie ld  measurements for  target  
th  i  ckness.  
Absolute photof iss ion y ie ld  and detect ion e f f ic iency measurements 
were made us ing a 1 .6  mg/cm^ coat ing of  on a th in  n icke l  fo i l .  This  
target  was produced by vacuum evaporat ion by the Isotope Div is ion,  Oak 
Ridqe Nat ional  Laboratory .  The un i formi ty  o f  th is  target  was checked by 
measur ing the a lpha par t ic le  act iv i ty  a t  d i f ferent  pos i t ions on the fo i l .  
This  was accompl ished by us ing a ca l ibrated gas propor t ional  counter  
system (Sharp model  LB-100)  and a moveable baf f le  wi th  a 1 .00 cm ho le  
in  i t .  These measurements ind icated that  the deposi t  o f  var ied 
less than 5% over  the fo i l .  Removing the baf f le ,  the to ta l  a lpha 
act iv i ty  of  the fo i l  was measured.  From th is  measurement  i t  was deter -
o «2 Q 
mined that  the to ta l  U deposi t  was 13.81 mg.  Th is  n icke l  fo i l  was 
a lso mounted on an a luminum f rame for  mount ing in  the target  chamber .  
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C. Cal ibrat ion 
Before measur ing the photof iss ion y ie lds,  two ca l ibrat ion measure­
ments had to  be made:  (1)  exper imenta l  determinat ion of  the opt imum 
set t ing of  the count ing system d iscr iminator  leve l ,  and (2)  determinat ion 
of  the absolute e f f ic iency of  the f iss ion f ragment  detector  system. 
S ince the f ragments are each formed wi th  approx imate ly  90 MeV o f  
k inet ic  energy,  they are eas i ly  d is t inguishable f rom the natura l  a lpha 
act iv i ty  («^5 MeV) o f  the target  through the use o f  semiconductor  
detectors .  I t  is  necessary to  set  the d iscr iminator  leve l  o f  the 
count ing system low enough so that  a l l  o f  the f ragments are counted,  
but  h igh enough so that  pu lses due to  a lpha pu lse p i le-up are not  
counted.  The system was ca l ibrated by rep lac ing the target  fo i l  wi th  a 
252 Cf source which was prepared by L .  E.  Glendenin and K.  F .  F lynn a t  
Argonne Nat ional  Laboratory .  The pu lse he ight  d is t r ibut ion f rom the 
detector ,  as seen in  F ig .  28,  shows the d is t r ibut ion of  f iss ion f ragment  
energ ies f rom the spontaneous f iss ion of  the source a long wi th  the 6.1 
ncV a lpha par t ic le  peak.  The d iscr iminator  leve l  for  the phctof iss ion 
measurements was set  a t  a leve l  o f  approx imate ly  30 MeV.  
Measurements ind icated that  maximum detect ion ef f ic iency was 
obta ined by us ing a s ing le  detector  p laced as c lose as poss ib le  to  the 
target  fo i l .  A target - to-detector  spac ing o f  0 .23 i  n.  was used.  A 
b lock d iagram of  the complete phctof iss ion measur ing system is  shown 
in  F ig .  29.  The f iss ion counts ,  beam moni tor  counts ,  and t ime for  each 
count ing in terva l  were pr in ted by the para l le l  pr in ter .  The count ing 
in terva l  length was 10 min.  Af ter  the in format ion was pr in ted a t  the 
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F ig .  29.  B lock d iagram of  photof iss ion measur ing system 
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end o f  each in terva l ,  the system was automat ica l ly  recyc led.  A large 
number  o f  in terva ls  (>100)  was used for  each scat ter ing angle.  
The absolute e f f ic iency of  the detect ion system was measured us ing 
O op 
the th in  U target  fo i l .  The d iscr iminator  leve l  o f  the count ing 
O op 
system was reduced so that  the U.19 MeV a lpha par t ic les f rom the U 
were recorded.  S ince the absolute a lpha decay ra te  of  th is  target  fo i l  
was known to  be 10,140/min,  the measured average a lpha count  o f  
1565/min y ie lded an absolute e f f ic iency of  15.4%. 
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IV.  EXPERIMENTAL RESULTS 
A.  Relat ive Yie ld  f rom 
Using the th ick  natura l  uran ium target ,  the f iss ion f ragment  y ie ld  
was measured for  Compton scat ter ing angles between 6 .5  and 17.0 degrees.  
At  f i rs t  measurements were made a t  approx imate ly  ha l f -degree increments 
(corresponding to  a change o f  150 keV in  the energy o f  the scat tered 
8996 keV gamma ray peak) .  Then,  smal ler  increment  measurements were 
made where there was an ind icat ion of  s t ructure in  the y ie ld  curve.  At  
each angular  pos i t ion,  f ragment  and moni tor  counts  were recorded a t  
10 min.  in terva ls ,  as descr ibed in  the prev ious chapter .  The use o f  
shor t  in terva ls  a l lowed the removal  o f  unusable data wi th  a min imum loss 
o f  the good data.  The data were cons idered unusable i f  the reactor  
became subcr i t ica l  dur ing the count ing in terva l .  
A f iss ion background was observed even when lead absorbers were 
p laced in  f ront  o f  the target  in  order  to  at tenuate the gamma ray beam. 
Neutron sh ie ld ing was p laced around the target  chamber ,  but  no decrease 
in  the background was observed.  Subsequent  measurements ind icated that  
the background was constant  and independent  o f  the operat ion of  the 
reactor .  At  f i rs t  the background was be l ieved to  be due to  the 
spontaneous f iss ion of  the uranium target .  However ,  s ince U^^^ has a 
ha l f - l i fe  of  7 * lo '^  years for  spontaneous f iss ion,  the expected count  
ra te  would be approx imate ly  2  •  10 /min.  Th is  negl ig ib le  cont r ibut ion 
was conf i rmed by removing the target  and remeasur ing the background.  
S ince there was no change in  the background,  th is  le f t  on ly  one 
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al ternat ive.  A por t ion of  the Cf  ca l ibrat ion source had se l f -
t ransfer red to  the face o f  the detector .  S ince th is  background 
remained constant  dur ing the measurements,  no at tempt  was made to  
obta in  a rep lacement  detector .  
The average f iss ion f ragment  count  ra te  per  t ime in terva l  wao 
ca lcu la ted for  each angular  pos i t ion.  The background-subt racted va lues 
are p lo t ted in  F ig .  30 as a funct ion of  scat ter ing angle.  The er ror  
bars  ind icate the s tandard dev ia t ion in  the background subt racted 
va lues.  The er ror  assoc ia ted wi th  the angular  pos i t ion ing was est imated 
by check ing the reproducib i l i ty  o f  the scat tered beam spect rum.  As 
ment ioned in  Chapter  I I ,  th is  was accompl ished by repeat ing the pa i r  
spect rometer  measurements o f  the scat tered beam a t  a few pos i t ions.  In  
each case the scat tered beam spect rum was reproducib le  wi th in  s ta t is ­
t ica l  er ror .  Th is  should be expected s ince the angular  pos i t ion ing 
depends on ly  upon mechanica l  ad justments .  
S ince the s t ructure observed in  the y ie ld  curve is  very  s ign i f icant ,  
these por t ions of  the y ie ld  curve were rcmeasured severa l  t imes.  Two 
measurements o f  the complete y ie ld  curve were made four  months apar t .  
The shape o f  the curve remained constant  w i th in  s ta t is t ica l  er rors .  
B.  Relat ive Yie ld  f rom 
The measurements descr ibed in  the prev ious sect ion were repeated 
235 
using the U target .  The f iss ion background was h igher  in  th is  case.  
The increase in  background was found to  be dependent  upon the presence 
o f  the target  in  the chamber  and the reactor  be ing in  operat ion.  
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Subsequent  measurements ind icated that  th is  was due to  neutron- induced 
f iss ion in  the target .  The (n , f )  cross sect ion for  U is  580 barns,  
which is  approx imate ly  10^ t imes that  o f  Surrounding the photo-
f iss ion target  chamber  w i th  a cover  o f  Cd and paraf f in  he lped reduce 
th is  background,  but  d id  not  e l iminate i t .  For  th is  reason,  i t  was 
necessary to  measure the background a t  each angular  pos i t ion.  These 
measurements were made by p lac ing a lead at tenuator  in  the inc ident  
gamma ray beam. 
The average gamma ray induced and background f iss ion f ragment  
count  ra te  per  t ime in terva l  were ca lcu la ted for  each angular  pos i t ion.  
The background-subt racted va lues are p lo t ted in  F ig .  31.  In  cont rast  to  
o o Q 
the case o f  U ,  no s t ructure is  seen in  the photof iss ion y ie ld  f rom 
u235.  
C.  Absolute Y ie ld  f rom 
In  an at tempt  to  obta in  va lues for  the absolute photof iss ion cross 
sect ions for  the target  nuc l ides,  carefu l  y ie ld  measurements were made 
a t  a few angular  pos i t ions us ing the th in  target .  The use o f  the 
2 th in  (1.6mg/cm )  target  insured that  the f iss ion f ragments would not  be 
absorbed in  the target .  Th is ,  however ,  cons iderably  reduced the count  
ra te .  I t  was necessary to  make many measurements (>200 t ime in terva ls)  
a t  each angular  pos i t ion.  The corrected f ragment  count ing ra tes a t  the 
three angular  pos i t ions se lected are presented in  Table 111.  
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Table I I I .  Absolute Fragment  Y ie lds f rom U 
Scat ter ing Angle Corrected Y ie ld  
(degrees)  ( f iss ions/ in terva l )  
8 . 0  
1 1 . 5  
1 2 . 5  
10.24 ±  .78 
1 .69  ±  .65  
1,20 ±  .43 
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V. INTERPRETATION AND CONCLUSIONS 
A.  Photof iss ion Yie ld  Equat ion 
The photof iss ion y ie ld  Y(9)  a t  a Compton scat ter ing angle 0  is  
re la ted to  the photof iss ion cross sect ion cr (E)  by the y ie ld  equat ion 
Eo 
Y(  0 )  = A J N(E,9 )  a  (E)  dE ,  (6)  
Eth 
where E^^ is  the threshold energy for  photof iss ion in  the nuc l ide 
s tud ied,  is  the maximum energy o f  photons in  the scat tered beam 
(E^^ and E^ are determined by the l imi ts  o f  0 ) ,  and N(E,  0)dE is  the 
number  o f  inc ident  photons between energy E and E +  dE.  A is  the 
constant  o f  propor t ional i ty  invo lv ing such factors  as the number  o f  
atoms in  the target  and the detect ion e f f ic iency of  the count ing system. 
This  type of  in tegra l  equat ion is  known as a  Fredholm in tergra l  
equat ion of  the f i rs t  k ind,  which can be wr i t ten in  genera l  as 
b  
J^K(x,y) f (y)dy = g(x)  (a  Sx sb)  
There is  very  l i t t le  l i terature on these equat ions other  than proposals  
for  numer ica l  so lu t ions (40-43) .  Ph i l l ips  (40)  po in ts  out  that  no 
Miethùd oT n u i V i e r ' i c d l  boJuLiûr i  h d S  b e e n  very successfu l  for  d ib i t  i  a ry  
kernels  K(x ,y)  when the funct ion g(x)  is  known wi th  on ly  modest  accuracy.  
The reason is  that  on ly  an in f in i tes imal  change in  g(x)  causes a f in i te  
change in  f (x ) ,  hence the equat ion is  unstab le .  Ph i l l ips  conc ludes 
that  the success in  so lv ing th is  type o f  equat ion depends to  a large 
extent  on the accuracy o f  g(x)  and the shape o f  K(x ,y) .  
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A y ie ld  equat ion o f  the same form as Equat ion 6 is  a lso encountered 
in  photonuclear  exper iments  us ing a bremsstrah lung beam. A genera l  
method used to  obta in  a numer ica l  so lu t ion is  to  rep lace the in tegra l  
equat ion by a set  o f  l inear  equat ions.  In  th is  approach the energy 
range is  d iv ided in to  energy in terva ls ,  and the spect rum N is  rep laced 
by a constant  in  each such in terva l .  Th is  s tep-wise approx imat ion to  
the spect rum leads to  the matr ix  equat ion 
Y =  N •  (T ,  (7)  
where CT and V are co lumn matr ices and N is  an n- th  order  square 
matr ix .  Equat ion 7 has the so lu t ion 
-* •*-- ] (7  =  N •  Y 
The so lu t ions depend very  s t rongly  on the accuracy o f  the y ie lds and 
osc i l la te  v io lent ly  as a  funct ion of  photon energy in  reg ions where the 
y ie lds are known on ly  to  moderate prec is ion.  The prob lem is  i l l -
condi t ioned in  the sense that  there are many so lu t ions which sat is fy  
exact ly  an in tegra l  equat ion s l ight ly  d i f ferent  f rom the or ig ina l .  
Thus,  one might  t ry  to  seek a "smooth"  so lu t ion rather  than an exact  
so lu t ion.  One o f  the most  successfu l  appl icat ions of  th is  idea to  the 
so lu t ion of  the y ie ld  equat ion for  bremsstrah lung- induced photonuclear  
react ions has been by Cook in  h is  " least  s t ructure analys is"  method (44) .  
B.  Present  Approach 
The method used in  at tempt ing to  unfo ld  the photof iss ion cross 
sect ions was that  o f  matr ix  approx imat ion ( i .e . ,  Equat ion 7) .  The N 
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matr ix  was a  square matr ix  o f  order  4 l .  The co lumns represent  the 
d iv is ion of  the scat tered beam spect ra  in to  70.5 keV wide b ins.  The 
rows represent  the d i f ferent  scat ter ing angles (A05»O.25 degree between 
ad jacent  rows) .  The actua l  increment  between rows was determined by 
requi r ing that  the energy o f  the scat tered 8996 keV l ine be incremented 
by 70.5 keV.  Rows o f  the N matr ix  were const ructed f rom the pa i r  
spect rometer  spect ra  and normal ized to  the in tens i ty  var ia t ion of  the 
beam wi th  scat ter ing angle.  
An a t tempt  was made to  use Cook 's  " least  s t ructure analys is"  
method in  order  to  obta in  the photof iss ion cross sect ions.  The 
computer  program for  th is  method was modi f ied for  use wi th  our  N matr ix .  
I t  was necessary to  per form a l l  operat ions in  double prec is ion (16 
dec imal  d ig i ts )  because o f  round-of f  er rors  in  the computer .  At  f i rs t  
i t  was not  poss ib le  to  obta in  a smoothed so lu t ion us ing th is  method.  
The resu l t ing cross sect ion va lues osc i l la ted wi ld ly  as a  funct ion of  
energy.  More phys ica l ly  be l ievable so lu t ions were obta ined by f i rs t  
mul t ip ly ing both s ides o f  Equat ion 7 by a d iagonal  normal  i ^ iny  n idLr ix  
before us ing the smooth ing technique.  Th is  normal iz ing matr ix  was 
chosen so that  i t  reduced the numer ica l  var ia t ion in  the N matr ix  as 
much as poss ib le .  The reason that  th is  technique works much bet ter  
for  the case o f  bremsstrah lung above 10 MeV is  that  the N matr ix  is  
known analy t ica l ly  and is  a smooth ly  vary ing funct ion of  energy.  A lso,  
photonuc lear  y ie lds a t  these energ ies obta ined us ing bremsstrah lung 
typ ica l ly  have much h igher  count ing ra tes and thus less er ror  in  the 
y ie lds.  
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Since there was no a pr ior i  knowledge o f  the deta i led shape o f  the 
photof iss ion cross sect ion,  there was no reason for  accept ing or  
re ject ing any smoothed so lu t ion,  osc i l la tory  or  o therwise.  For  th is  
reason,  tes t  cases were invest igated.  Cross sect ions cons is t ing of  
one or  more Gauss ian peaks were const ructed analy t ica l ly .  Each test  
cross sect ion was represented by a co lumn matr ix  which could be 
mul t ip l ied by the N matr ix  to  produce the test  y ie ld  matr ix .  Then a 
s ta t is t ica l  er ror  (b  / " (y ie ld  va lue) ,  where b  is  a random number  between 
-1  and +1)  was added to  each e lement  in  the y ie ld  matr ix .  Th is  y ie ld  
matr ix  was then put  in to  the least  s t ructure computer  program (CLSR).  
These test  cases led to  the fo l lowing conc lus ions:  1)  CLSR was 
ab le  to  unfo ld  the peaks in  the cross sect ions but  tended to  g ive an 
osc i l la tory  so lu t ion away f rom the peaks;  2)  peaks in  the photof iss ion 
y ie ld  a lways ind icate corresponding peaks in  the cross sect ion.  
Conclus ion 2)  ind icates the major  advantage o f  us ing a Compton scat tered 
photon beam ra ther  than a bremsstrah lung beam for  photof iss ion measure­
ments in  th is  energy range.  in  the present  case,  the maximum in tens i ty  
is  near  the h ighest  energy for  each Compton scat ter ing angle.  Thus,  the 
leading edge o f  our  inc ident  beam p icks out  the s t ructure in  the cross 
sect ion.  In  the case o f  bremsstrah lung,  the beam in tens i ty  decreases 
wi th  energy for  a g iven end-point  energy.  Thus,  peaks in  the cross 
sect ion are observable on ly  as "breaks"  in  the curvature o f  the y ie ld  
curve.  
C.  In terpretat ion 
Even though we were unable to  obta in  exact  phctof iss ion cross 
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sect ions f rom the U and U y ie ld  curves,  the knowledge ga ined f rom 
the work wi th  the test  cases a l lows us to  make some def in i te  statements 
about  the s t ructure in  the cross sect ions.  Our  measurements ind icate 
the fo l lowing;  1)  there is  no s t ructure in  the photof iss ion cross 
sect ion of  U observable wi th  our  reso lu t ion up to  8.2 MeV;  2)  there 
are three peaks in  the photof iss ion cross sect ion of  U f rom threshold 
to  8.2 MeV;  3)  these peaks occur  a t  approx imate ly  5 .5 ,  6 .3 ,  and 7 .1  MeV 
and have widths o f  less than 350 keV;  and k)  the magni tudes o f  the 
9 oft O Q c 
photof iss ion cross sect ions of  U and U are approx imate ly  equal  up 
235 to  about  6 .5  MeV,  a t  which po in t  the U cross sect ion begins increas ing 
more rap id ly .  
Conclus ion 1)  agrees wi th  the pred ic t ions of  Bohr 's  f iss ion channel  
theory for  an odd A nuc leus.  S ince the low ly ing bands would be those 
o f  in t r ins ic  exc i ta t ions,  they would be c lose ly  spaced and unobservable 
w i th  our  reso lu t ion.  Our  conc lus ion agrees wi th  the bremsstrah lung-
induced photof iss ion measurements o f  Bowman e t  a l .  (45) .  
n o Q 
The s t ructure observed in  the U cross sect ion is  very  s ign i f icant  
s ince i t  has been quest ioned s ince the measurements o f  Katz  e t  a l .  in  
1957.  The present  in format ion about  the photof iss ion cross sect ion of  
up to  8.0 MeV is  presented in  F ig .  32.  The two curves g iven by 
Katz  represent  d i f ferent ly  smoothed so lu t ions obta ined f rom the same 
exper imenta l  y ie ld  data.  Only  the pos i t ions of  the peaks observed in  
the present  research are ind icated.  The two h igher  energy peaks are 
somewhat  in  agreement  w i th  the few po in ts  measured by Manfred in i  
e t  a l .  us ing neut ron-capture gamma rays.  
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The s t ructure observed in  the photof iss ion cross sect ion of  th is  
even-even nuc leus a lso suppor ts  the idea o f  f iss ion channels  near  
threshold.  I t  would be necessary to  measure the angular  d is t r ibut ion 
of  f ragments a t  the energ ies o f  these peaks in  order  to  be cer ta in  that  
they are due to  I  bands and do not  conta in  a 2^ (quadrupole)  component .  
9  ?  A 
We can a lso conc lude f rom the observed s t ructure that  i f  U has a 
second barr ier ,  i ts  he ight  must  be greater  than that  o f  the f i rs t .  
Conclus ion k)  agrees wi th  the resu l ts  obta ined by Winhold and 
Halpern (6)  and Huizenga e t  a l .  (12) .  
D.  Conclud ing Remarks 
In  the process o f  th is  research,  a  fac i l i ty  has been developed for  
the product ion of  a  var iab le  energy photon beam. Th is  fac i l i ty  operates 
very  n ice ly ;  however ,  some improvements are des i rab le .  More sh ie ld ing 
and co l l imat ion in  the beam tube in  f ront  o f  the n icke l  target  should 
cut  down the in tens i ty  o f  the background l ines due to  neutron capture 
in  i ron and a luminum. Th is  would tend to  g ive the scat tered beam a 
more t r iangular  shape,  w i th  the maximum in tens i ty  a t  the pos i t ion of  
the scat tered 8996 keV l ine.  Our  exper ience has shown that  a  t r iangular  
N matr ix  makes the unfo ld ing problem eas ier .  
Hopefu l ly ,  a  bet ter  technique w i l l  be developed for  numer ica l  
so lu t ion of  the y ie ld  equat ion in  the near  fu ture.  This  is  the on ly  
h indrance to  per forming photonuc lear  exper iments  be low 9 MeV us ing the 
present  fac i1 i  ty .  
Photof iss ion exper iments  be low the c lass ica l  threshold would y ie ld  
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much in format ion about  s ta tes in  the second wel l .  In  most  cases th is  
energy reg ion cannot  be s tud ied by the neut ron- induced f iss ion.  I f  
adequate count  ra tes could be obta ined,  the present  technique would 
be ideal ly  su i ted for  such invest igat ions.  
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